Since voltage unbalance gradually affects equipment, this disturbance should be dealt with by statistical analysis. Regarding voltage regulation and voltage unbalance, a world-wide tendency is to consider their monitoring and measuring on 10 minute intervals along a 1 week period.
Thus, this paper aims at:
-studying the opportunity of using digital simulations for the analysis of voltage unbalance disturbances; -comparing field measurements and results from simulations; -proposing preliminary standards regarding voltage unbalance to be applied in low and medium voltage distribution systems in Brazil.
INTRODUCTION
There has been a growing concern to supply power to customers mainly when their processes are based on susceptible loads. In such scenario power quality becomes extremely relevant. Reliability indices and voltage levels, for instance, are parameters much more regulated now. Other power quality phenomena are also being taken care of in much more detail, such as voltage sags, harmonic distortion, voltage and current unbalance and so forth.
This paper presents a methodology for measuring, monitoring and controlling voltage unbalance in electrical power distribution networks. The distribution of single-phase and double-phase loads along the network and their random instant demand values can be considered as the main causes to voltage unbalance in three-phase distribution systems.
Contrary to some other disturbances in electrical power systems, for which the performance is evident for the ordinary customer, voltage unbalance belongs to those disturbances in which their perceptible effects are produced in the long run.
Voltage unbalance leads to a sharp decrease on the efficiency of three-phase induction motors. In Brazil, 50% of the electric energy is absorbed by industrial customers. Since induction motors represent the largest portion of industrial loads, it is seen that the voltage unbalance should be carefully studied and controlled.
This work considers voltage unbalance measurements carried out in a Brazilian distribution company located in the State of Paraná, namely COPEL -Companhia Paranaense de Energia.
OBJECTIVES
The main objectives of this paper are as follows: a) to study the opportunity of using digital simulations for the analysis of voltage unbalance disturbances; b) to compare field measurements and results from simulations; c) to propose preliminary standards regarding voltage unbalance to be applied in low and medium voltage distribution systems in Brazil.
BASIC CONCEPTS
Voltage unbalance in three-phase distribution systems regards the changing in phase angles and/or in the magnitude of voltage phasors. Low voltage distribution networks -the main focus of this paper -introduce a small amount of voltage unbalances due to their impedances. The main cause can be considered as the current unbalance, due to the distribution of single-phase and double-phase loads along the network, such as public lighting and residences.
COMPUTING THE VOLTAGE UNBALANCE INDEX
The voltage unbalance index is generally related to the negative symmetrical component system. This is due to the large number of pieces of equipment that have their efficiency and life affected, mainly the ones like generators and motors (based on rotating magnetic fields), where the major part of electrical energy is transformed.
Phase-to-phase and phase-to-ground voltage unbalance indices (DQV 2 ) are equal and given by the following equation: 
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are positive and negative sequence phase-to-phase voltages. Equation (1) allows for the computation of voltage unbalance in a system by using phase-to-phase voltages only. Such computation is carried out by utilising voltage magnitude only whereas methods based on phase-to-ground voltages require the magnitude and phase angles. However such method demands lots of arithmetic operations. The CIGRÉ method was chosen to be used, since it is derived from the CO-SENOS method, that keeps the accuracy. The voltage unbalance index can be readily determined by the following equation: 100 6 3 1
where: 
where:
is a simpler calculation method as compared to equation 2, though there is a slight loss in accuracy.
ALLOWED VOLTAGE UNBALANCE INDICES
Brazilian standards do not establish limits for voltage unbalance indices as yet. There are some references to those indices in norms that regulate equipment tests and standards [7] [8]. Table 1 shows a comparative figure of adopted limits in world-wide standards. Voltage drops due to mutual inductances are proportional to the flowing electric current and to the conductor length. Thus, a typical distribution network branch was assumed to have the current fixed by the maximum allowed voltage drop. In order to ensure the current balance, a three-phase balanced resistive load was considered to be installed in the receiving bus. Two different conductor configurations were considered in the simulations, as shown in figure 1. Results shown in Table 2 confirm the small influence from conductor configuration on the voltage unbalance indices.
PROBABILISTIC COMPUTATIONAL MODEL TO EVALUATE VOLTAGE UNBALANCE
A computational model was developed to evaluate voltage unbalance indices in electrical power distribution networks. The model considers a threephase representation of the network, taking into account medium and low voltage network branches as well as distribution transformers (three-phase transformers or bank of single-phase transformers), capacitor banks, etc.
The load flow method is carried out as many times as necessary following a Monte Carlo method that randomly generates scenarios in a given instant along the load daily curve.
Load modelling to support such simulations is the result of an extended load demand measurement campaign carried out in the 90´s to stratify all customers connected to distribution networks in Brazil. This method classifies residential customers according to different ranges for monthly consumed energy and commercial and industrial customers according to their activities. Other load categories were also considered, such as public lighting. Each customer is modelled by its corresponding typical daily load curve. For every 15 minute intervals the probability distribution curve is given to be used by the Monte Carlo simulation method. Figure 2 illustrates a typical probability distribution for the demand in residential customers during the peak load period (from 8 to 9 pm). 
MEASUREMENT RESULTS
Since there are too many low voltage networks in the distribution company, network selection criteria to carry out measurements were adopted. A criterion was chosen to select those networks more likely to have voltage unbalance, such the ones having predominantly singlephase and double-phase loads, having higher transformer loading, voltage drop and dispersion of loads along the network. The selected networks were submitted to simulations by using the developed software and to measurement in the field during one week and demand values stored on 15 second intervals. A low cost electronic meter was used to monitor low and medium voltage networks. Table 3 shows a compilation of the main network characteristics taken from COPEL´s data base. The table also presents the number and monthly energy of residential (R), commercial (C) and industrial (I) customers as well as total (T) figures. Table 4 shows the most relevant voltage unbalance results obtained from the measurements. 
EVALUATION OF VOLTAGE DROPS BY MEASUREMENT AND BY THE DISTRIBUTION NETWORK MANAGEMENT SYSTEM
The existing distribution management system running at COPEL does not determine voltage unbalance indices. It only provides the distribution of total power flows in each of the three phases of the transformer, estimated from the billed customer energy values.
However, the system provides the minimum voltage level in the distribution network, by considering the nominal voltage (220V) in the low voltage transformer bus. The voltage drops are evaluated at each branch, as a function of load demands and cable characteristics, what leads to the determination of the maximum network voltage drop. Table 5 shows voltage drop values (∆V%) determined by the distribution management system and obtained from the field measurements. The latter are the voltage drop values considering probability lower than 3%. It is seen that the network management system provides more conservative results, mainly for the values with probability lower than 3%.
Taking case #1, for instance, there was a 199V instantaneous registered value, closer to the one evaluated by the network management system. However such value does not affect negatively customer equipment due to its low probability (0.0025%). In such location, a 206.5V voltage level corresponds to the 1% probability whereas 208.5V corresponds to 3% probability. Table 6 compares the maximum voltage unbalance indices obtained from simulation and from measurement.
VOLTAGE UNBALANCE INDICES USING THE MONTE CARLO SIMULATION METHOD
By analysing the maximum values of voltage unbalance indices shown in table 6, one sees that the simulation method is rather more conservative. However one should not discard such simulations from a network management system. The main causes for such differences can be explained by the methodology adopted, where 500 possible load unbalance scenarios were analysed for each selected instant in the daily curve. Such a high number of network conditions leads to the evaluation of extreme cases and thus leading to more conservative results. Also, while loads were modelled by 15 minute measurements, simulations were considered in 3 hour intervals It is seen however that such discrepancies are diminished when analysing probabilistic results. Figure  3 shows results for case #1. Table 7 shows probabilities associated to voltage unbalance indices lower than 2% and 3%, obtained from measurements and simulations.
If one considers the criterion of 95% of monitored values not exceeding 3%, measurement and simulations for cases shown in table 7 lead to the same conclusions. When adopting the 2% limit, more conservative results where obtained when using the simulation method, what is adequate for network management systems. 
CONCLUSIONS
Voltage unbalance indices determined in field measurements are considered to be low, possibly due to network management procedures adopted in the company. In such procedures, load current unbalance are avoided by an appropriate distribution of singlephase and double-phase customers along the distribution network. Simulation results were validated mainly when considering that 95% of the time the voltage unbalance index is inferior to 3%. The probabilistic method should therefore be incorporated into the company´s network management system. Low cost measurement instruments were shown to be effective enough for monitoring voltage unbalance indices. Although results point out that simulation should be included in the distribution management system, when considering the 96 simulations (one every 15 minute period) throughout a daily cycle (24h) and the large number of low voltage distribution networks (COPEL has approximately 250,000 distribution transformers), the computation time could restrict the application of the method. A very interesting approach would be to consider techniques based on Artificial Neural Networks (ANN). In such approach, the procedure is divided into two phases: training and application. The training phase is based on the data base for load curves and customers connected to the system, on simulations and on measurement campaigns. The voltage unbalance indices would be stored for each type of distribution network, where the type would be defined by given attributes such as load balance amongst phases, network length, cable characteristics, voltage drops, number of customers in each category, monthly energy, etc.. In the following phase, having known the network attributes and corresponding loads, the software would be able to estimate the resulting voltage unbalance index. A similar procedure was successfully applied to a distribution transformer loading management system [9] [10].
